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Abstract 
Japanese swords are peculiar ones forged by a unique method developed in Japan. The forging methods are different 
each other, depending on age and area. Therefore, the crystalline structure of a Japanese sword depends on the age 
and the area. In this study, we obtained crystallographic information of Japanese swords and investigated the 
difference in texture and crystallite size from Japanese swords by using the pulsed neutron transmission spectroscopy. 
The neutron transmission experiment was carried out at HUNS (Hokkaido University Neutron Source). The samples 
were two types of Japanese swords. We analyzed the position-dependent neutron transmission spectra and obtained 
quantitative microstructural information in two-dimensional real space. We found that there were differences of the 
microstructure between edge and back of each Japanese sword and the microstructure was different between two 
Japanese swords. 
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1. Introduction 
 Japanese swords are famous for its peculiar forging method developed in Japan. In this forging method, 
two types of steel are used; the high-carbon outer steel “kawagane” and the softer low-carbon inner steel 
“shingane”. Both of these steels are made from the same raw material, but the number of forging is 
different between kawagane and shingane. This causes a difference of hardness. The function of the 
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laminated structure of these two steels is to keep the sword from breaking as well as to keep its hardness 
for cutting. There are many types of swords which are different in terms of blade length, shape, and 
making method. The sword types are categorized by four periods; Koto (means Old swords; 987-1596), 
Shinto (New swords; 1596-1781), Shinshinto (New new swords; 1781-1876), and Gendaito (Modern 
swords; 1876-present). In the Koto period, major sword-making school called “Gokaden” was developed. 
Gokaden included the Bizen school (Okayama prefecture), the Soshu school (Kanagawa prefecture), the 
Yamashiro school (Kyoto prefecture), the Yamato school (Nara prefecture), and the Mino school (Gifu 
prefecture). Each school developed effective and functional swords with own features. 
However, detailed making methods of each school were secrets and have not been transmitted. It is 
useful to investigate the microstructure in Japanese swords in order to understand the making method. 
Recent research suggested that crystallographic grain size in Japanese swords depends on making age and 
area [1]. However, this result, for ten-odd samples, was obtained by a destructive method. Because the 
Japanese sword is a cultural heritage, it is better to study the crystallographic structure with non-
destructive method. The aim of this study is to investigate crystallographic/microstructural differences 
from two types of Japanese sword by using the pulsed neutron transmission spectroscopy, and to indicate 
the usefulness of a compact accelerator-driven pulsed neutron source for such study. 
2. Principle of the pulsed neutron transmission spectroscopy 
The pulsed neutron transmission spectroscopy with the time-of-flight (TOF) method is a non-
destructive technique to study position-dependent crystallographic structure inside a material, using the 
two-dimensional neutron imaging TOF detector. Fig. 1 shows a schematic layout of the pulsed neutron 
transmission spectroscopy experiment and an example of the neutron transmission spectrum of ferrite. 
The neutron transmission spectrum includes the crystalline structural information such as lattice spacing, 
texture and crystallite size. The quantitative evaluation of the crystalline structural information can be 
calculated by analyzing the neutron transmission spectrum with the RITS (Rietveld Imaging of 
Transmission Spectra) code which is a Bragg edge transmission analysis code [2, 3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The pulsed neutron transmission spectroscopy and the neutron Bragg edge transmission spectrum. 
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3. Experimental 
A pulsed neutron transmission experiment was carried out at Hokkaido University Neutron Source 
(HUNS), a compact accelerator-driven pulsed neutron source. Fig. 2 shows a photo of samples. We 
measured two Japanese swords named “bizen osafune no ju norimitsu” (Bizen) and no signature (Mumei). 
These are short Japanese swords which are known as “wakizashi”. Bizen was made in Okayana 
prefecture and probably in the 15th century [4]. Making age and area of Mumei are unknown. The 
measurement part was 10-15 cm from the tip. This part was called “monouti” and was most effective to 
cut. Table 1 shows the experimental condition. The two-dimensional imaging detector used was 256-pixel 
6Li glass scintillator detector [5]. Table 2 shows performances of the detector. 
 
 
 
 
 
 
 
 
Fig. 2. A picture of Bizen (the upper side) and Mumei (the bottom side). 
 
Table 1. Experimental condition. 
Measurement time for transmission beam 12 h 
Measurement time for incident beam 10 h 
Neutron flight path length from a moderator to a detector 6.01 m 
Neutron flux at detector position 103 n/cm2/s 
Neutron wavelength resolution 2.7% 
Collimator ratio (L/D) 60.1 
 
Table 2. Performances of 256ch 6Li grass scintillator detector. 
 
 
4. Results 
Fig. 3 shows neutron transmission images of two Japanese swords and the neutron transmission 
spectra of edge part and back part of each Japanese sword.  Neutron wavelength from 0.2 nm to 0.4 nm 
was used for the neutron transmission images (Fig. 3 (a) and (b)). We derived the neutron transmission 
spectra for edge part and back part of Bizen and Mumei. Data of Edge part of Bizen was the sum of 48 
Scintillator 6Li-glass (Ce) 
Thickness of scintillator 1 mm 
Detection area 4.8 cm × 4.8 cm 
The number of pixel 16 × 16 
Position resolution 3.04 mm 
TOF resolution 10 μs 
Detection efficiency for cold neutron 95% 
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pixel (i = 3 ~ 5, j = 1 ~ 16) data, and data of back part of Bizen was the sum of 16 pixel (i = 8, j = 1 ~ 16) 
data. Data of edge part of Mumei was the sum of 48 pixel (i = 2 ~ 4, j = 1 ~ 16) data, and data of back 
part of Mumei was the sum of 32 pixel (i = 2 ~ 4, j = 1 ~ 16) data. Here, “i” and “j” means pixel number 
along vertical and horizontal direction, respectively. According to Fig. 3 (c), we expected that the shape 
and the intensity of the neutron transmission spectra are different between Bizen and Mumei because of 
difference in texture and crystallite size. 
We analyzed the position dependent neutron transmission spectra with the RITS code and obtained the 
crystallite size and texture information in two dimensional real space. Analyzed area of Bizen was 18 mm 
× 48 mm (i = 3 ~ 8, j = 1 ~ 16), and analyzed area of Mumei was 21 mm × 48 mm (i = 2 ~ 8, j = 1 ~ 16). 
Fig. 4 shows two dimensional mappings of crystallite size and crystallographic anisotropy for each 
Japanese sword. Crystallite size of edge was smaller than that of back, and texture of edge was more 
isotropic than that of back. Similar result of crystallite size was already indicated in the previous work 
using a destructive method [1], and the results were consistent. One reason of this result is considered to 
be due to “tsukurikomi”; different characteristic steels are used between edge and back. In contrast, the 
crystallographic characteristics do not depend on the position along the longer direction (from tang to tip). 
We compared the difference between two swords, Bizen and Mumei. Crystallite size of Bizen was 
smaller than that of Mumei and texture of Bizen was more isotropic than that of Mumei. 
Fig. 3. (a) Neutron transmission image of Bizen, (b) neutron transmission image of Mumei, (c) neutron transmission spectra for 
edge part and back part of each Japanese sword. 
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Fig. 4. Mapping of crystallographic anisotropy (texture) and crystallite size, obtained by the RITS code. (a) crystallographic 
anisotropy of Bizen, (b) crystallite size of Bizen, (c) crystallographic anisotropy of Mumei, (d) crystallite size of Mumei. 
5. Conclusion 
Two Japanese swords were measured by the pulsed neutron transmission spectroscopy. We analyzed 
measured neutron transmission spectra with the RITS code, and obtained two dimensional mappings of 
crystallographic anisotropy and crystallite size. We found that they are different between edge and back. 
Crystallite size of Bizen is smaller than that of Mumei, and texture of Bizen is more isotropic than that of 
Mumei. This result suggests the swords have different crystallographic characteristics, and also 
usefulness of the pulsed neutron spectroscopic imaging even at a compact accelerator-driven neutron 
source like HUNS. For more systematic discussion, we need to increase the number of Japanese sword 
studied, and to obtain the data in terms of different schools and different ages. 
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